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The response (track-etching rate) of Lexan polycarbonate detectors increases exponen-
tially with the ionization rate of heavy nuclei (Z ~ 10). These detectors have been used to
measure the charge composition and flux in 1967 of low-energy (200- to 400-MeV/nucle-
on) cosmic rays from 12 -Z -28.

We have discovered that sheets of ordinary
Lexan polycarbonate' have a remarkable proper-
ty that enables one to identify heavily ionizing
particles with uniquely high resolution. This
high resolving power may be explained by the
assumption that the chemical reactivity along
particle tracks in Lexan increases exponentially
with ionization rate, in contrast to the linear re-
sponse of conventional detectors such as nuclear
emulsions and semiconductor crystals. Using
Lexan detectors, we have identified 218 low-ener-
gy cosmic rays with Z ~10, of which 147 fall in
the category of VH nuclei (Z ~ 20). The results
show that the abundances of Mn and Cr are high-
er at low energy than at high energy and thus
provide new astrophysical information. Our re-
sults represent half the world data on VH nuclei
with good charge resolution and the only data on
the charge composition of low-energy nuclei with
Z &14.' They are particularly valuable because
the detecting plastics were flown at a much high-
er altitude (2 g/cm') than were previous detec-
tors (4 to 10 g/cm'), 3 so that the background in-
troduced by fragmentation in air was small.

Figure 1 describes our method of particle
identification in plastic sheets. In a recent pa-
per' we showed that over small areas cellulose
nitrate is sufficiently uniform in response that

light isotopes such as 8' and B" can be resolved.
In a note added in proof we pointed out that Lexan
polycarbonate, which records etchable tracks of
nuclei with g ~10, has an even higher resolution
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FIG. 1. NaOH etching solution attacks Lexan polycar-
bonate more rapidly along the trajectory of a heavily
ionizing particle than elsewhere. The lengths of the
hollow, etched cones increase with ionization rate.
The last cone (sheet 3) has a rounded tip where the nu-
cleus came to rest.
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of heavy ions than cellulose nitrate. We have
since found that its chemical composition and

etching rate are highly uniform over many square
meters, so that its response (rate of track etch-
ing) depends only on ionization rate, not on loca-
tion of the track within the detector.

To study low-energy heavy cosmic rays, on 12
July 1967 we exposed a 0.4-m' stack of 40 sheets
of Lexan polycarbonate, each 250 @thick, at a
depth of 2 g/cm' over Ft. Churchill, Manitoba,
for 13 h in a horizontal orientation. The flight
was arranged through the courtesy of Professor
J. A. Earl.

In November, 1967, we etched part of the up-
per half of the stack in ultrasonically agitated,
mechanically stirred 6.25 normal NaOH solution
(containing 0.4% Benax surfactant) for 8 h at 70
+0.015'C. In March, 1968, we etched part of the
lower half of the stack in the same way. Be-
cause of slow variations in the track-etching
characteristics with time, data from the sheets
processed in November and in March have been
analyzed separately. In future flights we be-
lieve that this problem can be eliminated by pro-
cessing all of the stack at the same time.

In our exposure the number of nuclei that came
to rest in a given sheet and produced detectable
tracks was about 0.03/cm'. These tracks (see
Fig. 1) were located by scanning at -50x. The
lengths of the end tracks (e.g., sheet 3 in Fig. 1)
and of the corresponding cone tracks (sheets 1

and 2 in Fig. 1), together with the appropriate
residual ranges, were measured at 2500' using
a long-working-distance oil-immersion objective.
All tracks at dip angles between 30' and 70' were
accepted. Measurements made by different ob-
servers on the same set of cone tracks were re-
producible to within -1 p, .

In Fig. 2 are plotted cone-track lengths versus
residual range for a representative sample of
size 32 drawn from the 218 nuclei. A total of
973 cone tracks were measured. The number of
cone tracks per event depends on the path length
over which the primary ionization rate of the
particle, J, exceeds the critical rate, J .' It in-
creases from 1 for light ions such as Ne (events
17 and 36 in Fig. 2) to 10 or more for the heavi-
est ions (event 1).

We consider here only the nuclei with Z ~ 12,
which produce at least two etchabl. e cone tracks.
A family of curves of cone length versus residual
range can be drawn through the data for these
nuclei. Certain curves are much more heavily
populated than others. The problem is to identify
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FIG. 2. Measurements of cone lengths versus resid-
ual range for 32 (a representative sample) of the nuclei
that came to rest in the sheets etched in November,
1967. The curves were calculated from Eq. (2). Nu-
merals are used both as data points and to identify
events.

all the curves, even though at present ions heavi-
er than Ne with suitable energy are not available
in accelerators. By making two assumptions, we
have been able to calculate a family of curves
that fit the data and have obtained the distribution
of cosmic-ray abundances shown in Fig. 3. Fur-
ther, the curve calculated for Ne" comes very
close to data we have obtained for Ne' ions from
the Yale Hilac accelerator.

Our two assumptions are that (1) the most
abundant nuclide with Z & 14 is Fe", and (2) the
rate of lengthening of a cone track is given by

dR/dt = V exp[5(J-J )/kT] for J~ J,
0 C c

where T is the etching temperature, v, is the
bulk etching rate of the plastic (1.06 p/h at 70'C),
R is the residual range measured from the low-
energy end of the cone, ~ J is the primary ioniza-
tion rate, and b and Jc are parameters chosen
to give the best fit to the data. The exponential
dependence of etching rate on J is understand-
able if the effect of a heavily ionizing particle is
to lower the activation energy for the etching re-
action.

To integrate Eq. (1) we approximate J'(to bet-
ter than 0.5 $) by a power function of residual
range, J(Z, A) =C(Z, A)R &( ). The parameters
C and y are determined for each nuclide by us-
ing the range-energy tables of Henke and Benton'
and Bethe's primary ionization equation (justi-
fied for tracks in plastics in Ref. 5).

Curves of cone length versus residual range
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Flo. 3. (a) Composition of heavy cosmic rays uncor-
rected for recording efficiency. Path lengths to the
top of the atmosphere ranged from 2.8 to 6.5 g/cm in
the upper stack and from 3.S to 8.4 g/cm2 in the low-
er stack. (b) Fluxes of heavy cosmic rays at the top of
the atmosphere on 12 July l967, calculated from (a) by
averaging the contributions in the upper and lower
stacks. The number of nuclei of each atomic number
is indicated. The energy interval studied increases
from 150 to 270 MeV/nucleon for Mg to 240 to 440
Me V/nucleon for Ni.

are computed by repeated numerical integration
of Eq. (1) for different values of Ro:

-] Rp+I. rt =v J exp[-(CR -4 )b/kT]dR, (2)
0 Rp C

where Rp = residual range at which etching begins
and Rp + L res idual range at which a cone track
reaches length L in time t (=8h in our experi-
ment) .

From a catalog of 125 pairs of values of C and

y corresponding to the possible nuclides between
Ne' and Ni~, our colleague W. M. Schwarz has
developed a computer program to select for each
event which of the 125 curves calculated from
Eq. (2) gives the best least-squares fit to the
data for that event. The results are presented
in Fig. 3(a), with brackets indicating the span of
stable isotopes for each element. Since y is al-

most independent of Z (decreasing from 0.503
for Ne to 0.463 for Ni), C is a convenient param-
eter to label the 125 nuclides and is the abscissa
in Fig. 3(a). The value of C increases with atom-
ic number as -Z"" and with mass number as
-Ao'. From this and Eq. (2), it is easy to show

that resolution of adjacent charges increases
with Z, but that resolution of adjacent mass num-

bers decreases with A. In the present study, for
a given event the standard deviation of cone track
lengths from the least-squares curve corre-
sponds to an uncertainty in A that is sometimes
as small as one mass unit but is often as high as
four mass units. Expressed in terms of charge,
the uncertainty in g varies from about 0.15 to
0.6 charge units. The fit of the data to Eq. (2)
is very good and provides satisfactory evidence
of an exponential response.

The differential intensities of the elements
with Z ~ 12 have been plotted in Fig. 3(b), taking
into account detection efficiency (100%for Z
~18, -50% for Z =14, and -35% for Z =12), en-

ergy interval covered, and absorption in the ma-
terial above the detector. Fragmentation has
not been taken into account but is a small source
of error at 2 g/cm' of residual atmosphere.
Events in Fig. 3(a) that fall between elements
have been assigned to the nearest stable isotope.
Except for these borderline cases and for the
lightest ions studied (Mg and Al), charges appear
to be satisfactorily resolved. The larger abun-

dances of even-Z than odd-Z nuclei are physical-
ly reasonable but should not be regarded as es-
tablished until direct calibration can be done in

an accelerator and until the cause of the slow
time variation in etching rates has been eluci-
dated.

Our calculated flux of VH nuclei in an energy
interval 200-400 MeV/nucleon is about 0.6 that
measured by Freier and Waddington' at solar
minimum; our flux of nuclei with 12 &g ~19 in
the interval 160 to 350 MeV/nucleon is about 0.35
that measured at solar minimum. ' The ratio of
each flux in July, 1967 to the corresponding flux
at solar minimum is consistent with a solar mod-
ulation function exp(-KII/Rp), ' evaluated at the
proper magnetic rigidity R and velocity +, with

aq =0.9.
It is important to establish whether the high Mn

and Cr abundances result from spallation of Fe
nuclei in interstellar matter or reflect the com-
position of cosmic-ray sources. From presently
available data and calculations of appropriate
cross sections, we believe at this point that the
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sources must contain significant amounts of Mn

and Cr, unless the low-energy VR nuclei have

pa.ssed through appreciably more than 5 g/cm' of
interstellar matter. In a continuing study of the
VH nuclei we are preparing to analyze a new Lex-
an stack that was recently exposed under only ]. .8
g/cm' of air.

Potential future applications of this exponen-
tially responding plastic detector include (1)
studies of electron capture and loss and of high-

energy heavy-ion reactions, (2) isotope resolu-
tion of heavy cosmic rays, (3) the composition
of heavy nuclei in solar flares, (4) the composi-
tion of heavy cosmic rays with energies as low

as 10 MeV/nucleon, and (5) the composition and

energy spectrum of extremely heavy nuclei ex-
tending into the trans-uranium region.
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ols, W. M. Schwarz, and S. G. Thompson for
their valuable contributions to this work. W. G.
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of our ideas on detector response.

Lexan polycarbonate sheets, Type No. 9070-112, are
available from General Electric Company, Mount Ver-
non, Ind. 47620.
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